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Synopsis

Solubility and rate of desorption of isobutane vapor in high-density polyethylene (HDPE) polymer
fluff and a HDPE-hexene-1 copolymer fluff for isotherms between 65.5 and 93.3°C are reported.
The data were obtained for pressures to near the vapor pressure of isobutane. Solubilities were
correlated using Henry’s law, Flory-Huggins theory, and weight fraction activity coefficients. The
last approach gave the best correlation of data over the entire temperature and pressure range. The
estimated rate of sorption of isobutane is 1.5 X 1074 mol iC4Ho/g fluff/bar/min over the range
studied.

INTRODUCTION

High-density polyethylene (HDPE) polymerization occurs in a hydrocarbon
diluent such as hexane or, in some of the newer processes, iscbutane. To mini-
mize production costs and maximize the safe handling and storage of the polymer,
the diluent must be stripped from the polymer fluff. Stripping unit design re-
quires both equilibrium data and estimates of the rate of desorption.

There have been numerous studies of the solubility of hydrocarbons in poly-
ethylene,' many of them related to permeability or diffusion studies.t-11
However, only Santos et al.? measured the solubility of isobutane in low-density
polyethylene. They used a low-density polyethylene film and studied the range
30-60°C, with pressures ranging between 0.27 and 2.39 bar.

This paper presents solubility data for isobutane vapor in a HDPE polymer
and a hexene-1 copolymer as a function of temperature and pressure. The data
were obtained at 65.6, 73.9, 82.2, and 93.3°C and at pressures up to 13 bar. The
data are correlated using three different approaches. Also, an estimate is given
of the rate of desorption.

EXPERIMENTAL

Apparatus

The apparatus was designed so that both rates of sorption and solubilities could
be measured. Sorption rates were found by fitting pressure decay curves to a
simple, exponential decay equation. The solubility was computed via an iso-
butane mass balance before and after the pressure decay.

Figure 1 shows a schematic of the apparatus. The sample holder had a volume
of 480 cm? and contained about 200 g sample. Uncertainty in sample weight
was £0.005 g. A 50 um filter was connected to the sample holder to prevent
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Fig. 1. Schematic of experimental apparatus.

sample loss during rapid depressurization. The Ruska piston pump had a dis-
placement of 1000 cm3. It had a vernier scale which permitted volume readings
to 0.01 cm3. A 1-bar differential pressure transducer measured the pressure
decay. The reference pressure on the transducer was measured using a 0-13.8
bar (0-200 psia) Heise gauge with 0.034-bar (0.5-psi) graduations.

The sample holder, three quarters of the piston pump, and the pressure
transducer were in a well-stirred oil bath kept constant to within +0.3°C.
Temperatures were measured using a total-immersion thermometer. Re-
search-grade isobutane was used in all experiments. The reference side of the
transducer was pressurized with dry nitrogen.

Procedure

Each series of runs on an isotherm would start with the fluff sample being
evacuated for at least 1 hr to remove residual isobutane. The sample holder was
isolated by closing valve V2, and the piston pump was pressurized to 1.45 bar
with isobutane. Next, the transducer was zeroed and calibrated at 0.14-bar
increments to 0.69 bar. The zeroing procedure was made in a manner to prevent
isobutane contamination by nitrogen. After ensuring that the pressure gauge
pressure was equal to the pressure in the piston pump, the run was started by
opening valve V2. At the end of the run, valve V2 was closed and the volume
in the pump decreased until the pressure equaled the initial pressure. The
volume change was recorded and the pump returned to the original position for
the next run.

Successive runs were made at 3.45 bar in the piston pump and at 1.7-bar in-
tervals to near the vapor pressure of isobutane. Prior to each run the transducer
was zeroed and calibrated. In these runs the initial pressure in the sample holder
was the final pressure from the previous run.

Isobutane solubility in the fluff was computed by determining the decrease
in the number of moles in the vapor phase during a sorption run. The number
of moles IV;, in the fluff at the end of run i, was found using
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where AV refers to the change in pump volume and V, is the void volume in the
sample holder; the superscript O refers to the initial pressure. The z value was
computed at each pressure and temperature using the BWR equation of state,
fit to isobutane data by Das et al.!2 For the first run on an isotherm, Py ;. and
N;_1 were zero.

The void volume was measured by making low-pressure sorption runs with
nitrogen and assuming that it was insoluble in the polymer. This assumption
was valid because, for nitrogen, there was no detectable pressure decay similar
to those observed for isobutane.

Error Analysis

The total uncertainty in the solubility data is estimated to be 3 and 2% of the
reported values for the HDPE polymer and copolymer data, respectively. The
copolymer data have a lower uncertainty because of a procedural change in
reading pressures at the end of each run.

These uncertainties were estimated by Monte Carlo techniques. Equation
(1) was used in the computation along with conservative estimates for the un-
certainty in each independent variable. The calculations show that the absolute
error in the solubility increased for successive runs of an isotherm. However,
the relative error decreased because the solubility increased faster than the ab-
solute error. The 3 and 2% values represent the maximum relative errors.

Based on additional Monte Carlo calculations, it was found that the major
source of error in the solubility data was the pressure measurement. The
pressure error contributed to over 90% of the total uncertainty in the data.

DISCUSSION

Table I lists the solubility of isobutane in the two fluff samples as a function
of temperature and pressure. Table II gives the properties of the two polymer
samples. The solubility data were analyzed using (1) Henry’s law, (2) Flory-
Huggins Theory, and, (3) weight fraction activity coefficients.

Henry’s Law

In direct analogy to the solubility of gases in liquids, the solubility of isobutane
in the fluff samples is directly proportional to pressure at relatively low pressures.
At reduced pressures (defined here as the pressure at a given pressure divided
by the vapor pressure of isobutane, P$, at the same temperature) of 0.25 or less,
the simple Henry’s law expression applies:

P

Fs‘ = Hw (2)
where H is Henry’s constant and w is the weight fraction of isobutane in the
polymer fluff. For the HDPE polymer fluff, H equals 34.5; and for the copolymer
fluff, the value is 33.7. Based on 11 points, the average error in (2) for the HDPE
fluff is 0.0003 weight fraction. Equation (2) has an average error of 0.0002 weight
fraction for the HDPE copolymer fluff based on 10 points. These coefficients
apply only in the 60 to 90°C temperature range studied here. Santos et al.3
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TABLE I
Solubility of Isobutane in Two HDPE Fluff Samples as a Function of Temperature and Pressure
Temperature, Pressure, Solubility,
°C bar wt %
HDPE Polymer Fluff
65.6
0.97 0.22
1.03 0.23
2.74 0.70
4.55 1.22
6.20 1.79
7.91 2.46
9.13 3.13
73.9
1.03 0.24
2.76 0.65
4,51 1.06
6.24 1.55
7.94 2.12
9.67 2.77
82.2
1.00 0.20
2.77 0.56
4.53 0.92
6.25 1.29
7.97 1.711
9.72 2.23
1141 2.77
93.3
1.01 0.17
2.82 0.47
4.57 0.79
6.29 1.12
8.01 1.46
10.75 1.83
11.47 2.24
HDPE-Hexene-1 Copolymer Fluff
65.6
0.96 0.27
2.72 0.76
4.47 1.29
6.18 1.88
7.88 2.58
739
0.97 0.24
2.74 0.67
4.50 1.15
6.23 1.63
7.93 2.16
9.62 2.86
82.2
0.99 0.21
2.78 0.58
4.52 0.97
6.25 1.38
7.97 1.82
9.43 2.21

11.07 2.77
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TableI (Continued from preceding page.)

93.3
1.01 0.17
2.81 0.48
4.56 0.82
6.29 1.16
7.98 1.45
9.60 1.79
11.25 2.16

isobutane data indicate a temperature dependence on H in the 30 to 60°C
range.

Gas solubilities can be correlated at higher pressures by correcting Henry’s
constant for pressure and by correcting for vapor phase nonidealities. The
simplest expression is the Krichevsky—Kasarnovsky equation!3

© S
In h =lnH= + v2(P — Py
Wq RT
where f1 represents the fugacity of isobutane vapor, w, is the weight fraction of
isobutane in the amorphous phase of the polymer (it is assumed that solutes
dissolve only into the amorphous phase of semicrystalline polymers), H= is the
infinite dilution Henry’s constant, defined as

(3

H>= lim — 4)

TABLE 11
Physical Properties of HDPE Samples Used in This Study

HDPE-HEXENE-1 Copolymer

HDPE Polymer (Marlex HHM 55022
(Marlex EMN 60302 high-density ethylene—
high-density polyethylene) hexene-1 copolymer)

Lot number 05-8-0808 05-8-0807
Nominal density, g/cm3 0.964 0.955
Bulk density, g/cm3 0.42 0.42
Crystallinity, %

Before solubility measurements 76.2 69.3

After solubility measurements 79.8 72.2
Melt index 3 0.35
Molecular weight

Weight average 89,600 157,000

Number average 12,400 15,700
Particle size distribution, wt %

>2000 um 0.0 0.0

>850 um 1.2 147

>500 um 19.2 43.4

>280 pm 60.4 34.2

>150 pym 13.5 4.5

<150 pm 5.7 3.2

2 Trade name.
b Measured by DSC.
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where v= is the infinite dilution partial molar volume of isobutane in the polymer,
and P denotes the vapor pressure of the polymer which is taken as zero. Figures
2 and 3 show plots of f1/w, as a function of pressure for the two polymers.
Fugacities were computed using the equation of state given by Das et al.12 Al-
though the consistency within each isotherm is good, we have no explanation
for the apparently anomalous behavior of the 65.6°C isotherm for the HDPE

polymer data.

The logarithm of f1/w, was fitted against pressure to obtain values of the in-
tercept H>. Figure 4 shows these values as a function of temperature. The
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Fig. 2. Solubility of isobutane in HDPE polymer fluff as function of temperature and pressure:

(a) 65.6°C; (0) 73.9°C; (D) 82.2°C; (v) 93.3°C.
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Fig. 3. Solubility of isobutane in HDPE copolymer fluff as function of temperature and pressure:

(A) 85.6°C; (v) 73.9°C; (0) 82.2°C; (O) 93.3°C.
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Fig. 4. Infinite dilution Henry’s constants as function of temperature: (0) HDPE polymer; (A)
HDPE copolymer; (¥) Santos et al.3; (- - -) Maloney and Prausnitz correlation.4
figure also includes H> values obtained from Santos et al.? isobutane data for
comparison. Their data were corrected for crystallinity using the reported
polymer density and the densities of the amorphous and crystalline phases.!4

Figure 4 shows values of H* computed from the correlation proposed by
Maloney and Prausnitz?. Their correlation, which combines Flory-Huggins
theory and three-parameter corresponding states, predicts the HDPE polymer
H~ values very well. However, there is a 30% difference between the values for
the polymer and copolymer implying that the addition of hexene-1 within the
polymer structure decreases the solubility of isobutane.

The slopes of the lines in Figures 2 and 3 are negative, which implies, from eq.
(3), that 7= is negative. Negative partial molar volumes are physically unreal-
istic; the negative slopes occur because eq. (3) ignores polymer—solute interac-
tions.

Flory-Huggins Theory

Since the Flory—Huggins theory has been presented before,3:15 only the ap-
propriate equations are presented here. At thermodynamic equilibrium, the
fugacities of the solute in gas and polymer phases must be equal:

fi=f1 (5)

where the superscript refers to the polymer phase. Written in terms of measured
and computed quantities, eq. (5) becomes

v1(P — P%y)
oy,

#1P = a141P1 exp l
where ¢ is the vapor phase fugacity coefficient and a; is the activity of the solute
in the polymer phase. The exponential term represents the Poynting correction

to the reference-state fugacity. For these calculations, the saturated liquid
volume of isobutanel2 was used for v;.
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Assuming that the polymer molecular weight is large, the activity of the solute
in the polymer phase can be expressed using the Flory-Huggins equation

In a; = In @1 + (I)Q + X<I>22 (7)

where & is the volume fraction and x is the interaction parameter. The volume
fraction is based on densities of pure solute and amorphous polymer. For
semicrystalline polymer, Rogers!® suggests that the interaction parameter be
expressed as
pav D53

X=p+ ; (8
where u is the Flory-Huggins interaction parameter, p, is the density of the
amorphous phase, and M is the molecular weight of amorphous polymer between
crystalline crosslinks.

Figures 5 and 6 show x as a function of ®,~5/3 for the two polymers. The
73.9°C isotherm data were omitted for clarity’s sake. Based on these plots, eq.
(8) appears valid only at values of ®, greater than 0.9. The values of x for iso-
butane-free polymer (i.e., 5 = 1) decrease with increasing temperature, but the
temperature dependence for the copolymer is much less than for the polymer.

A similar analysis of Santos et al.3 isobutane data indicates that over the
concentration range of their work ($; > 0.88), x was independent of concen-
tration and decreased from 0.95 to 0.75 with increasing temperature.

1C4H o - HDPE POLYMER

@—5/3

Fig. 5. Plot of interaction parameter vs. &, 52 for HDPE polymer fluff at various temperatures:
(A) 85.6°C; (O) 82.2°C; (v) 93.3°C.
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Fig. 6. Plot of interaction parameter vs. ®, 53 for HDPE copolymer fluff at various temperatures:
(4) 65.6°C; (O) 72.2°C; (v) 93.3°C.

Weight Fraction Activity Coefficients

If we define the activity coefficient for the solute in the polymer phase in terms
of weight fraction,

q=d1___ &P [Fu(P — Py*)]

exp
wa WediPY) | RT
where (1 is the weight fraction activity coefficient. Figures 7 and 8 show 2 as
a function of w, for the two polymers. The isobutane data of Santos et al.3 are
included for comparison.
We fit the activity coefficient to

9)

Q=Q"+ bw, (10)

Values of 2= and b are listed in Table III for the two polymer samples.

For comparison, Figure 7 includes activity coefficients obtained from Santos
et al.3 isobutane data. Although their data give values in the same range as those
of the present work, their values show a much stronger temperature dependence
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Fig. 7. Weight fraction activity coefficient vs. composition for HDPE polymer fluff; (—) eq. (10):
(a) 65.5°C; (@) 73.9°C; (m) 82.2°C; (¥) 93.3°C. Santos et al3: (©) 30°C; (&) 40°C; (<3-) 50°C;
() 60°C.

TABLE III
Coefficients for Equation (10) (Q = Q= + bw,)
HDPE polymer HDPE-hexene-1 copolymer
Q= 9.66 12.80
99% Confidence interval? 0.05 0.04
b —24.39 —43.33
99% Confidence interval® 0.63 0.64
Correlation coefficient (R2) 0.96 0.99

a Based on 23 degrees of freedom.

but about the same concentration dependence. We have no explanation for the
marked temperature dependence differences between the two sets of data.

Rates of Sorption

Estimates of the rate of sorption of isobutane into the polymer fluff were ob-
tained by reducing pressure decay data obtained during the solubility runs.
Rates of sorption were found by fitting pressure decay curves to

P =P;+ (P, — Py) exp (i‘t@l) 1)
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Fig. 8. Weight fraction activity coefficient vs. composition for HDPE copolymer fluff; (—) eq.
(10): (a) 65.5°C; (@) 73.9°C; (m) 82.2°C; (¥) 93.3°C.

where P, Py, and P denote the instantaneous, final, and initial pressures, re-
spectively; k, W, and V represent the rate of sorption, weight of polymer, and
volume of gas phase, respectively. Obtaining k from eq. (11) requires nonlinear
regression because both k and Pr must be fit. We found a strong correlation
between the two parameters, especially at higher pressures, which introduces
alarge uncertainty in k. Over the temperature and pressure range studied, we
found an average value of 1.5 X 104 + 50% mol iC4H1¢/g fluff/bar/min. We
verified experimentally that the rates of sorption and desorption are equal for
these polymers in the range considered.

CONCLUSIONS

A relatively simple experimental method was used to measure both gas solu-
bility and rates of sorption of gases into polymer fluffs. Based on an analysis
of our solubility data we found that:
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(1) Gas solubility is proportional to pressure for pressures less than 0.25 times
the saturation pressure.

(2) Maloney and Prausnitz* correlation predicts Henry’s constant for the
HDPE polymer but not for the copolymer.

(3) Rogers!® extension of Flory—-Huggins theory to semicrystalline polymers
is valid for polymer volume fractions greater than 0.9.

(4) Weight fraction activity coefficients are nearly temperature independent;
they provide the best means for estimating gas solubility over the temperature
and pressure range considered.

A comparison of our data with the isobutane data of Santos et al.3 shows
marked differences in solubility and in temperature dependence of solubility.
This suggests that the data analysis presented here has neglected important
physical differences in the two polymers.

Analysis of the pressure decay data indicates that the rate of desorption of
isobutane from polymer fluff is roughly 1.5 X 10~4 mole iC4H;¢/g fluff/bar/min.
This means that it takes about 1 min to decrease the isobutane content in the
fluff from the initial value to a value equal to the equilibrium content plus 10%
of the difference between the initial and equilibrium concentrations. However,
because of the large uncertainty in the data, the effect of temperature, pressure,
and type of fluff could not be determined.

Notation

activity of isobutane in polyethylene polymer
slope of activity coefficient weight fraction line, eq. (10)
fugacity of isobutane, bar

dimensionless Henry’s constant in eq. (3)

infinite dilution Henry’s constant, bar

sorption rate constant, mol iC4H10/g fluff/bar/min
molecular weight of polymer crosslinkage

moles of isobutane contained in the fluff

pressure, bar

gas constant, l.-bar/K/mol

absolute temperature, K

time, min

volume, liters

void volume

partial molar volume, cm3/mol

weight of polymer sample, g

weight fraction

weight fraction in amorphous phase
compressibility factor

oS puall ]
N

TS IS~ ARTZRT

Nog
s

Greek Letters

Flory-Huggins interaction parameter
density of amorphous phase, g/cm?
volume fraction

fugacity coefficient, bar

interaction parameter

weight fraction activity coefficient

OX S BDE
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Superscripts

polymer phase

saturation conditions
initial conditions

property at infinite dilution

§ ©%T

Subscripts

amorphous phase

final condition

run index

initial condition

solute

polymer (amorphous phase only)

DO b @ R

The author thanks R. L. Brandon for taking the experimental data and B. J. Lane for helping with
the Monte Carlo error analysis.
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